Introduction
============

Hydrogenotrophic, methylotrophic and acetoclastic pathways are the major pathways for methanogenesis -- the production of methane by microbial cells ([@B16]). Methanogenic species thriving in hypersaline environments have only been reported from the order *Methanosarcinales* and the recently described "Methanonatronarchaeia" ([@B59]) that branch deeply within the Euryarchaeota. Halophilic methylotrophic methanogens belonging to the order *Methanosarcinales* use the classical methylotrophic pathway where methylated compounds are dismutated to methane and CO~2~, whereas "Methanonatronarchaeia" use a heterotrophic methylotrophic pathway in which methylated compounds are used as electron acceptors and formate or hydrogen are being used as electron donors ([@B59]).

In hypersaline environments, the salinity and additional factors such as redox potential, permanency of anaerobic conditions, and the concentrations of other terminal electron acceptors determine the distribution and energy-efficiency of the prevailing methanogenic pathways. In these habitats, methylotrophic methanogens are more successful compared to hydrogenotrophic and acetoclastic methanogens due to their higher energy yield and the use of non-competitive substrates, such as methylamines and methanol ([@B47]; [@B37]; [@B51]; [@B30]). In order to keep the cell cytoplasm iso-osmotic at elevated salt concentrations, both organic osmolytes ("salt-out" strategy) as well as the accumulation of potassium ion ("salt-in" strategy) are used for osmotic balance in *Methanosarcinales* ([@B34]; [@B62]), while accumulation of potassium alone ("salt-in" strategy) is used to achieve an osmotic equilibrium in the "Methanonatronarchaeia" ([@B59]).

The majority of cultivated halophilic methylotrophic methanogens within the order *Methanosarcinales* belong to the genus *Methanohalophilus*, which currently comprises five described species: *Methanohalophilus halophilus* isolated from Shark Bay in Australia ([@B75])*, Methanohalophilus euhalobius* ([@B49]), *Methanohalophilus mahii* isolated from the Great Salt Lake in Utah, United States ([@B53]), *Methanohalophilus portucalensis* isolated from a salt pan in Portugal ([@B9]), and *Methanohalophilus levihalophilus* isolated from a natural gas-bearing deep aquifer ([@B28]). The methanogens of the genus *Methanohalophilus* are unique among the halophilic methanogens with respect to their ability to grow in a wide range of salinities (1.5--20% NaCl). All known members of this genus are mesophilic, neutrophilic, obligate methylotrophic methanogens, except for the recently described *M. levihalophilus*, which appears to be only slightly halophilic, growing optimally at NaCl concentration around 2%.

Deep-sea hypersaline anoxic basins (DHABs) are polyextreme brines that so far have been found only on the seafloors of the Mediterranean Sea, the Gulf of Mexico, and the Red Sea. Biologically produced methane is an important metabolite in the DHABs ([@B10]) and marker gene sequences that are closely related to those of *Methanohalophilus* have been commonly found in deep-sea hypersaline environments ([@B33]; [@B72]; [@B21]). One methanogenic strain, *Methanohalophilus* sp. TA21, has been isolated from Lake Thetis in the Eastern Mediterranean Sea ([@B14]). This strain performs methanogenesis from methylotrophic substrates arising from the catabolism of glycine betaine by other microbial consortia in the brine.

In several deep-sea brine habitats of the Red Sea, *Methanosarcinales* have been identified as the main methanogens based on genetic markers ([@B21]), but our knowledge of *Methanohalophilus* in the Red Sea is limited to the presence, distribution and relative abundance of marker gene sequences ([@B21]). In this study, we describe the isolation and the physiological characteristics of the first strain affiliated with this genus from the brine-sea water interface of Kebrit Deep together with its genome sequence to obtain a better understanding of its metabolic potential. Additionally, we describe comparative genome analyses with multiple, closely related *Methanohalophilus* species, providing insights into their life styles and adaptive strategies to different harsh environments.

Materials and Methods {#s1}
=====================

Sample Collection
-----------------

The samples of the brine-seawater interface (BSI) and the brine were collected by Dr. André Antunes from of the Kebrit Deep (24° 43′ 28″N, 36° 16′ 36″E) by means of a rosette sampler at depths of 1,467 and 1,490 m below the sea surface during the R/V Aegaeo Red Sea Expedition in November 2011. At the time of sampling, the methane concentration was 1293 μM and temperatures ranged between 21.9 and 23.4°C, while salinity levels were between 18.2 and 26% ([@B21]; [@B48]).

Enrichments and Isolation
-------------------------

Enrichments were initiated by adding 5 ml of Kebrit Deep samples to anaerobic serum vials that contained 45 ml of medium containing 50 μM trimethylamine (TMA) and a bicarbonate buffer system previously used to isolate marine methanogens ([@B61]; [@B60]). The cultures were incubated in the dark at either 22, 30, or 37°C. Enrichment cultures were screened after approximately 4 weeks of incubation for methane production (using Agilent 6890 Gas Chromatography/Mass Spectrometry, Agilent, Santa Clara, CA, United States) and increase in turbidity (measuring optical density at 600 nm, SpectraMax, Molecular Devices, San Jose, CA, United States), and, if positive, further isolation of single colonies on agar plates (using the same medium, incubated under anoxic conditions) resulted in the isolation of strain RSK. The purity of the culture was tested by ensuring cells of uniform morphology with light microscopy as well as sequencing of 16S rRNA genes, and finally confirmed by the analyses of the genome sequences of the cultures.

Characterization
----------------

The effect of different salinity ranges on growth of strain RSK was tested in the above-mentioned enrichment media containing NaCl in 1% increments ranging from 0 to 30%. Tests were performed in triplicate in Hungate anaerobic culture tubes as described previously ([@B60]; [@B38]), and growth was evaluated by measuring absorbance of the cultures at 600 nm. The range of temperatures supporting growth and the optimal growth temperature of strain RSK was tested at 4, 15, 22, 30, 33, 35, 37, 40, 45, and 50°C. The pH range for growth was examined between pH 5 and pH 9 with increments of 0.5. Formate (50 mM), acetate (90 mM), methanol (150 mM), H~2~:CO~2~ (4:1 v/v), and methylated substrates (mono-, di-, and tri-methylamine at 50 mM each, betaine at 5 mM each) were tested as potential growth substrates. The effects of the addition of vitamins biotin, folic acid, vitamin B~12~, pyridoxine-HCl, thiamine-HCl, riboflavin, nicotinic acid, pantothenate, *p*-aminobenzoic acid, lipoic acid with concentrations used previously ([@B60]; [@B69]), and stimulatory compounds (e.g., yeast extract, peptone tested in three final concentrations 0.05, 1, and 2 g/L) on growth parameters of strain RSK were also tested. Inhibition of growth by antibiotics (ampicillin, kanamycin, carbenicillin, penicillin G, chloramphenicol, rifampicin, and vancomycin at final concentrations of 100 μg per ml) was examined with 50 μM TMA as the substrate.

Microscopy
----------

For imaging using Transmission Electron Microscopy (TEM), cells in exponential phase growing with TMA as substrate were fixed by adding 2.5% glutaraldehyde directly to the growth medium. Transmission electron micrographs were obtained in the Imaging and Characterization Core Lab at King Abdullah University of Science and Technology (KAUST) using a Titan G2 80--300 kV TEM (FEI). The TEM was equipped with a 4 k × 4 k CCD camera (US4000) and an energy filter, model GIF Tridiem (Gatan, Inc., Germany). Cyro-scanning electron microscopy was performed using a PP2000T cryo-transfer system (Qurorum Technologies) attached to an FEI Nova Nano630 scanning electron microscope equipped with a field emission electron source and through-the-lens electron detectors.

Whole-Genome Sequencing, Assembly, Annotation, and Comparative Genomics
-----------------------------------------------------------------------

Genomic DNA of strain RSK grown with TMA was extracted and purified using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer's protocols. Genomic DNA of *M. euhalobius* (DSM 10369), *M. halophilus* (DSM 3094), and *M. portucalensis* (DSM 7471) was provided by DSMZ (German Collection of Microorganisms and Cell Cultures). Sequencing libraries were prepared with 1 μg genomic DNA using the Illumina TruSeq^TM^ DNA sample preparation kit. Sequencing was done using an Illumina MiSeq sequencer at KAUST's Bioscience Core Laboratory following Illumina's protocols. Reads were quality filtered, trimmed, and assembled into contigs using the *de novo* assembler SPAdes, version 2.5.1 ([@B6]).

Putative coding sequences (CDSs) of all draft genomes were predicted using the automated annotation pipeline INDIGO^[1](#fn01){ref-type="fn"}^ ([@B1]). Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) loci, CRISPR direct repeat elements (DR), and spacers were detected by CRISPRFinder online server ([@B20]). Small CRISPRs (e.g., CRISPR loci with less than three DRs) were marked as questionable CRISPRs. CRISPRmap ([@B36]) was used to classify the class assignment and structure motifs of DRs.

The relatedness of the organisms at the genome level was assessed using the average nucleotide identity (ANI) metric and the overall gene order conservation (synteny) as described in [@B48]. The complete genome of *M. mahii* ([@B63]) was used as a reference for the comparative analysis. To synchronize the genome annotation, the published genome of *M. mahii* was re-annotated using the INDIGO pipeline ([@B1]). Comparative genomics was conducted using the phylogenomic pipeline EDGAR ([@B8]), as described in [@B48].

Publicly available genomes representing all methanogenic archaea as well as a few *Thermoplasmata* species were selected for a comprehensive phylogenetic analysis of the genus *Methanohalophilus* and downloaded from GenBank^[2](#fn02){ref-type="fn"}^. Subsequently, AMPHORA2 ([@B70]) was used to identify a total of 77 single conserved marker genes for phylogenomic reconstruction. The phylogeny was inferred by a maximum likelihood approach with Le Gascuel's substitution model under 100 bootstrap replicates implemented in PHYML as implemented in Geneious R9 Biomatters, Ltd.; ([@B29]).

Data Submission
---------------

The draft genome sequences of strain RSK, *M. portucalensis*, *M. halophilus*, and *M. euhalobius* are deposited in Genbank under BioProject identifier [PRJNA500754](PRJNA500754). These genome drafts of *M. portucalensis* and *M. halophilus* presented here were used in the publications by [@B39], [@B40]).

Results and Discussion
======================

Isolation and Physiological Characteristics of Strain RSK
---------------------------------------------------------

At the time of sampling, remarkably high concentrations of methane (1293 μM), H~2~S (149.8 μM), and CO~2~ (4630 μM) were observed in Kebrit Deep BSI relative to other deep-sea brines of the Red Sea ([@B21]). Marker gene profiling suggested that sulfate-reducing bacteria and methylotrophic methanogenic *Methanohalophilus* populations co-inhabit this location, possibly because they do not compete for energy substrates ([@B41]; [@B50]; [@B47]; [@B21]). Strain RSK was isolated from an enrichment culture inoculated with brine-seawater interface samples from Kebrit Deep (1,468 meters below the sea surface) in the Red Sea. This strain represents the first methanogenic culture from the deep-sea brines of the Red Sea.

Strain RSK utilizes mono-, di-, and trimethylamine as well as methanol as energy sources, but no growth was observed when hydrogen (head space H~2~:CO~2~, 4:1 v/v), formate or acetate were used as substrates. Strain RSK was able to grow in a broad salinity range (2--20% NaCl), which is the widest among all described *Methanohalophilus* species so far ([Table 1](#T1){ref-type="table"}). Methane was still produced at 25% NaCl although growth was not observed. The temperature range for growth was 15--40°C. No growth was observed at 45°C and above over a period of 6 months. Optimal growth was observed in a medium containing 5 to 10% NaCl, 33°C and a pH of 6.5. Vitamins, yeast extract and trypticase did not stimulate growth. RSK was resistant to ampicillin, kanamycin, carbenicillin, penicillin G, and vancomycin, while chloramphenicol and rifampicin inhibited its growth (as determined by OD~600~, [Table 1](#T1){ref-type="table"}).

###### 

Characteristics of strain RSK and closely related species in the genus *Methanohalophilus*.

  Characteristics     *Methanohalophilus* strain RSK   *Methanohalophilus mahii* (DSM 5219)   *Methanohalophilus halophilus* (DSM 3094)   *Methanohalophilus portucalensis* (DSM 7471)   *Methanohalophilus euhalobius* (DSM 10369)
  ------------------- -------------------------------- -------------------------------------- ------------------------------------------- ---------------------------------------------- ---------------------------------------------------------
  Main publication    This study                       [@B53]                                 [@B75]                                      [@B9]                                          [@B49]
  cell shape          cocci                            irregular cocci                        irregular cocci                             irregular cocci                                irregular cocci
  Isolation source    Kebrit BSI, Red Sea              Great Salt Lake, Utah, sediment        Shark Bay, Australia                        Salinarium in Figiera da Foz, Portugal         Saline subsurface water, Russia, Bonduzhkoe oil deposit
  Size (μm)           0.3--2.5                         0.8--1.8                               Not reported                                0.8--1.2                                       
  Motility            non-motile                       non-motile                             non-motile                                  non-motile                                     non-motile
  Temp. range (°C)    15--40 (no growth at 4 or 45)    \< 45                                  18 -- 42^1^                                 30 -- 42                                       15 -- 50
  Temp. optima (°C)   30 -- 33                         35 -- 37                               26 -- 36                                    37 -- 42                                       28 -- 37
  pH range            5.5--7.5                         6.5--8.5                               6.5--7.4                                    6.0--8.5                                       5.8--8.0
  Optimal pH          6.5                              7.5                                    7.4                                         7.2                                            6.8--7.3
  NaCl range (%)      2--20                            2.9--14.6                              1.5--15^1^                                  8.2--17.5^2^                                   1--14
  Optimal NaCl (%)    5--10                            11.7                                   7--9                                        12.9                                           6
  **Substrates**                                                                                                                                                                         
  TMA                 \+                               \+                                     \+                                          \+                                             \+
  DMA                 \+                               \+                                     \+                                          \+                                             \+
  MMA                 \+                               \+                                     \+                                          \+                                             \+
  Methanol            \+                               \+                                     \+                                          \+                                             \+
  Glycine betaine     −                                Not reported                           Not reported                                Not reported                                   Not reported
  Acetate             −                                −                                      −                                           −                                              −
  Formate             −                                −                                      −                                           −                                              −
  H~2~/CO~2~          −                                −                                      −                                           −                                              −
  Growth factors      not required                     not reported                           not required                                biotin                                         biotin

1

The temperature range was 18--40°C and salinity range was 1.75--15.2% according to

Wilharm et al., 1991

.

2

The salinity range was 2.9--20.5% for a number of M. portucalensis strains described by

Boone et al. (1993)

.

Cell Morphology
---------------

RSK cells growing with trimethylamine were non-motile, mostly regular cocci ranging from 0.3 to 2.5 μm in diameter. Single cells, pairs, or small aggregates were detected. Small nubs on the cell surface were observed, which could be extracellular vesicles or buddings due to their sizes and bud-like morphological characteristics ([@B13]; [Figure 1](#F1){ref-type="fig"}). Compared to previously described *Methanohalophilus* species ([@B63]; [@B28]), regular cocci-shaped cells and nubs are two distinct cellular features of strain RSK that have not been reported from other strains.

![Transmission electron microscopy (TEM) micrographs of cell aggregates of strain RSK. **(A)** Magnification 30844 x, **(B)** Magnification 15759 x.](fmicb-10-00839-g001){#F1}

Comparative Genomics of *Methanohalophilus* Species
---------------------------------------------------

An overview of genomic characteristics of five *Methanohalophilus* species studied here is summarized in [Table 2](#T2){ref-type="table"}. Based on one complete genome and four high-quality draft genomes with \>99.5% estimated genome completeness, the average genome length of *Methanohalophilus* species is around 2.0 Mbp, making them the smallest genomes in the family *Methanosarcinaceae* \[ranging from around 2.0 to 5.75 Mbp ([@B18])\]. The DNA G+C content of the genomes of *Methanohalophilus* were almost identical at around 42%, while the numbers of predicted open-reading frames ranged from 1,990 to 2,124. All tRNAs for 20 common proteinogenic amino acids and pyrrolysine are present. Species of this genus are also very similar to each other at the 16S rRNA gene level (\>99.4%), in their tetranucleotide signatures (\>0.99%), and based on their genomic average nucleotide identities (ANI; 91.1--93.7%; [Supplementary Table S1](#SM1){ref-type="supplementary-material"}). Thus, based on an ANI threshold of ∼95%, which is currently being operationally used for species delineation ([@B31]), our results indicate that strain RSK represents a novel species in the genus *Methanohalophilus*. *M. euhalobius* is the most closely related species, based on phylogenomic analysis of 77 single conserved marker genes ([Figure 2](#F2){ref-type="fig"}).

###### 

Assembly statistics and genome features of sequenced *Methanohalophilus* species.

  Species                                            *M. mahii*    *M. halophilus*   *M. portucalensis*   *M. eubalobius*   Strain RSK
  -------------------------------------------------- ------------- ----------------- -------------------- ----------------- -------------
  Reference                                          [@B63]        This study^2^     This study^2^        This study        This study
  Size (bp)                                          2012424       2021331           2080338              1875790           1969036
  Completeness (%)^1^                                99.35         99.51             99.51                99.51             99.51
  No. of contigs                                     1             6                 17                   25                18
  ORFs                                               2016          2047              2124                 1990              2053
  DNA G+C content (%)                                42.6          42.4              41.9                 42.4              41.87
  rRNA operon (16S-23S-5S)                           3             1                 1                    1                 1
  Unique proteins within genus *Methanohalophilus*   131 (6.50%)   151 (7.38%)       216 (10.17%)         276 (13.39%)      260 (12.7%)
  CRISPR repeats                                     0             0                 1                    2                 3

1

Estimated using 228 marker genes in Euryarchaeota genomes using Check M (

Parks et al., 2015

).

2

These genome drafts of M. portucalensis and M. halophilus presented here were used in the publications by

L'Haridon et al. (2017

,

2018

) with Genbank accession numbers

CP017881

and

CP017921

, respectively.

![Phylogenomic analysis of strain RSK in relation to other *Methanohalophilus* spp. and other methanogens. The tree is rooted with sequences of *Methanopyrus kanderi*. Significance of branch support inferred using maximum likelihood (*n* = 100 bootstraps). Strain RSK is in bold. *Methanosarcinales* are shown in blue, *Methanocellales* are shown in gray, *Methanomicrobiales* are shown in green, *Methanomassiliicoccales* are shown in light blue, *Methanobacteriales* are shown in purple, *Methanococcales* are shown in ochre.](fmicb-10-00839-g002){#F2}

Complementary synteny-based comparative genomics analysis ([@B73]) comparing the predicted proteome of strain RSK with that obtained from the completed genome of *M. mahii* shows that ∼77% of their core genes are syntenic, implying a high degree of functional conservation between these two species. We estimate that the core genome of strain RSK and closely related species of *Methanohalophilus* contains 1,490 protein-coding genes, accounting for 70 to 75% of their predicted proteomes ([Figure 3](#F3){ref-type="fig"}), which is significantly larger than the core genome formed by including representatives of *M. euhalobius* recovered from hydraulically fractured rocks in unconventional reservoirs ([@B11]). Only 6.5--13.4% of all predicted proteins are unique to the five individual species compared in this study.

![Comparative analysis of the predicted proteomes of *Methanohalophilus* species analyzed in EDGAR. The Venn diagram shows the core, unique, and flexible genome components among strains RSK (Red Sea Kebrit BSI isolate), *M. mahii*, *M. portucalensis*, *M. euhalobius*, and *M. halophilus*.](fmicb-10-00839-g003){#F3}

Core Metabolic Features of *Methanohalophilus* Species
------------------------------------------------------

The genome of *Methanohalophilus* strain RSK is the first genome of methanogen from DHABs. It shares very similar metabolic capacities with closely related of this genus with respect to energy metabolism and strategies for oxidative and osmotic stress response. These genomes encode the complete set of enzymes for methanogenesis from methyl compounds but lack the hydrogenotrophy-associated hydrogenases, acetate kinase and acetate thiokinase encoding genes necessary growth with H~2~-CO~2~ and acetate, respectively ([@B15]).

### Oxidative Adaptation

Methanogens inhabit a diverse array of ecosystems with a broad range of physicochemical conditions, including some habitats where oxygen is constantly present at low concentrations or is present in measurable concentrations at certain times, e.g., the BSIs of the deep-sea brines of the Red Sea and soil crusts ([@B4]; [@B21]; [@B48]). However, high oxygen concentrations are usually restrictive to their anaerobic lifestyle and thus their distribution ([@B24]). Interestingly, *Methanohalophilus* species are commonly found in brine-seawater transition zones ([@B33]; [@B72], [@B71]; [@B21]), where micro-oxic conditions exist ([@B48]). Strain RSK was isolated from the BSI of Kebrit Deep, where the concentration of dissolved oxygen (DO~2~) was 4.6 μM. Thus, it must have developed mechanisms to protect themselves from the toxicity of DO~2~ and reactive oxygen species (ROS) and to repair damaged cellular compounds and enzymes. Accordingly, the genomes of strain RSK and type strains of *Methanohalophilus* encode up to eight copies of thioredoxin, up to six copies of different isozymes of catalase peroxidase, peroxiredoxin, alkyl-hydroperoxide reductase, and alkyl-hydroperoxidase, and three copies of rubrerythrin. Thioredoxin reductase, catalase, and superoxide reductase were also detected in each genome. Among the above mentioned enzymes encoded by *Methanohalophilus* genomes, thioredoxin reductase and thioredoxin together form the thioredoxin system which constitutes a key function in defense against oxidative stress in providing thioredoxin-based oxidative redox regulation ([@B42]; [@B64]). The *Methanohalophilus* genomes encode alkyl-hydroperoxide reductase, peroxiredoxin, catalase, catalase peroxidase that could reduce hydrogen peroxide ([@B57]; [@B55]), alkyl-hydroperoxidase and rubrerythrin, which could reduce peroxides ([@B65]; [@B23]), and superoxide reductase, which could detoxify superoxide.

Glutaredoxins are small ubiquitous thiol-disulfide redox enzymes ([@B27]). In the domain *Bacteria*, glutaredoxin is reduced by glutathione and diverse low-molecular-weight thiols ([@B25]; [@B67]). Prevailing evidence indicates that glutathione and glutaredoxins are unlikely participants in the oxidative stress response of methanogens ([@B46]; [@B54]). In *Methanosarcina acetivorans*, the annotated glutaredoxin enzyme (AAM05066.1, renamed methanoredoxin) utilizes coenzyme M and ferredoxin:disulfide reductase ([@B74]; [@B54]). A glutaredoxin homolog, which is more similar to glutaredoxin from the domain *Bacteria* (30% identity, 71% coverage to glutaredoxin under the accession number [Q9HU55.1](Q9HU55.1) from *Pseudomonas aeruginosa* PAO1), is also present in each genome of *Methanohalophilus* reported here. Further biochemical characterization of this enzyme from *Methanohalophilus* would be necessary to identify its actual function.

### Osmotic Adaptation

Osmotic adaptation is one of the main factors that allow halophilic methanogens to thrive in hypersaline environments. All *Methanohalophilus* species compared in this study have the genomic capacity to perform both the "salt-in" and "compatible solute" strategies ([@B51]) to combat osmotic stress as described for *M. mahii* ([@B63]). The presence of a K^+^/Na^+^ symporter Ktr as well as multiple copies of the potassium uptake system Trk and the glycine betaine/L-proline transport system permease (ProW) in all analyzed genomes of *Methanohalophilus* indicate that the "salt-in" strategy is widely used by these methanogens to cope with salinity. Notably, all strains possess the potential to synthesize betaine (unique to this genus and *Methanohalobium*) by methylation of glycine ([@B12]; [@B35]; [@B11]) and to synthesize *N*^ε^-acetyl-β-lysine from lysine; the later trait was also detected in the genome of closely related halophilic methanogens of genus *Methanococcoides* ([@B22]) and several other methanogens ([@B56]).

Flexible Gene Sets of *Methanohalophilus* Species
-------------------------------------------------

### Sulfur Metabolism

Sulfite is toxic to methanogens as it inactivates the essential enzyme for methanogenesis, methyl-coenzyme M reductase ([@B44]). In the brine-seawater interface of Kebrit Deep, where strain RSK was isolated from, sulfite is likely generated due to the presence of oxygen (4.6 μM) and high sulfide concentrations (149.8 μM) ([@B48]). *Methanohalophilus* species have one to two copies of nitrite and sulfite reductase (anaerobic sulfite reductase, MhpRSK_00883) containing a dissimilatory sulfite reductase subunit A domain (DsrA, COG2221), which presumably helps to protect halophilic methanogens in sulfidic environments by reducing sulfite.

*Methanohalophilus portucalensis* it is the only genome predicted to have the complete set of genes to assimilate sulfate catalyzed by sulfate adenylyltransferase (CysD and CysN/C), 3′-phosphoadenosine 5′-phosphosulfate synthase (adenylylsulfate kinase, PAPSS) and phosphoadenosine phosphosulfate reductase, although this would require additional experimental verification. The other four *Methanohalophilus* species lack PAPSS, while sulfate adenylyltransferase was not detected in *M. halophilus* and *M. euhalobius*.

### ABC Transporters

Members of the genus *Methanohalophilus* appear to have different genomic capacities for the uptake of amino acids and peptides. A predicted operon for peptide transport (Opp) ([@B19]) is found only in *M. mahii*, *M. halophilus*, and strain RSK, indicating that they can directly take up peptides as a nutrient source.

The *livK* genes, encoding a high-affinity branched-chain amino acid transport system, are only present in the genomes of *M. mahii*, *M. portucalensis*, and *M. halophilus* (*M. euhalobius* has only a truncated version of this gene). This periplasmic Leu/Ile/Val-binding protein serves as the primary receptor for the leucine transport system in *Escherichia coli* ([@B2]; [@B43]). In turn, this suggests variability in the ability of different *Methanohalophilus* members to accumulate exogenous branched-chain amino acids.

### Glycogen Synthesis and Utilization

Glycogen is a reserve polysaccharide common in methanogens ([@B58]). Enzymes for glycogen metabolism (glycogen synthase, alpha-amylase, and glycogen debranching protein) are predicted to be present only in *M. mahii* and *M. halophilus*, suggesting the capacity of these species to synthesize and store glycogen.

### Viral Defense

As the most abundant biological entities on Earth, viruses are also present in the Deep-sea Anoxic Brines of the Red Sea ([@B3]). Clustered regularly interspaced short palindromic repeats (CRISPR)-Cas systems provide prokaryotes with acquired, adaptive, and heritable resistance against foreign invading genetic elements such as viruses, phages, and plasmids ([@B7]; [@B26]). Genes related to viral defense were previously detected in *Methanohalophilus* ([@B11]). In agreement with this report, we also found that strain RSK possesses complete CRISPR/Cas systems. Genomes of strain RSK and *M. euhalobius* carry two different Cas arrays -- Type I and Type III-U, based on the classification proposed by [@B45]. Both Type III-U Cas arrays exhibit high sequence similarities and high synteny. Similar Cas arrays could only be found in the genomes of *Candidatus* Methanoperedens nitroreducens and *Methanospirillum hungatei* so far, suggesting a novel variant of subtype III-U. This further indicates the uniqueness of this subtype in anaerobic methane metabolizing microbes. The CRISPR locus 2 in strain RSK and *M. euhalobius* share the same direct repeat element (GTTACCATTCCCTATTTTCTCGGGAGCTACTTTCAAC) ([Supplementary Table S2](#SM1){ref-type="supplementary-material"}), suggesting close evolutionary relationships in viral defense systems between these two species.

Unique Genes in Strain RSK Compared to Other Genomes of *Methanohalophilus*
---------------------------------------------------------------------------

The 260 predicted species-specific genes in the genome of RSK encompass 15 COG categories and are overrepresented in categories "Replication, recombination and repair" (22 genes), "Cell wall/membrane/envelope biogenesis" (17 genes), "Inorganic ion transport and metabolism" (14 genes), "General function prediction only" (14 genes), and "coenzyme transport and metabolism" (12 genes; [Supplementary Table S3](#SM1){ref-type="supplementary-material"}).

The genome of RSK encodes an aquaporin homolog (RSK_01503) that is 54% identical (coverage 96%) to the aquaporin characterized from *Methanothermobacter marburgensis* str. Marburg ([@B32]). This archaeal type of aquaporin showed characteristics of both, aquaporin and aquaglyceroporin, the two existing classes of this protein family ([@B5]). The presence of this gene implies a role for water channel mediated osmotically driven water flux in strain RSK that might aid cells to cope with sudden changes in salinity in their habitat.

The genome of RSK carries putative genes that encode for membrane components of the *ssu* system, which is involved in sulfur assimilation from aliphatic sulfonates during sulfur-starvation conditions. In this system, the *ssuABC* gene products are involved in the import of aliphatic sulfonates while the *ssuDE* gene products form an oxygenase system responsible for releasing sulfur from aliphatic sulfonates ([@B66]). Strain RSK also encodes for a putative aliphatic sulfonate-binding protein SsuA (RSK_00452), a probable aliphatic sulfonate transport permease SsuC (RSK_00453), and an aliphatic sulfonate import ATP-binding protein SsuB (RSK_00454). This suggests that RSK could take up organic sulfur, although the exact mechanism of desulfonation remains unknown.

Furthermore, a partial arsenite efflux protein ArsB that shares 59% amino acid sequence identity to that of *Alkaliphilus metalliredigens* QYMF (acc. A6TP80.1) ([@B17]) is also encoded in the genome of RSK (RSK_01501). If functional, it would allow RSK to confer resistance to toxic arsenite by pumping it out of the cells.

Conclusion
==========

Methanogens are important players in the carbon cycle of hypersaline habitats. However, not much is known about the characteristics of methanogens from the deep-sea brine habitats of the Red Sea and no cultures existed. In this study, we describe a novel isolate (strain RSK) from the BSI of Kebrit Deep of the Red Sea representing a novel species within the genus *Methanohalophilus.* In order to understand why species of the genus *Methanohalophilus* are successful in chemically diverse hypersaline environments, we analyzed and compared the genomic inventory among five *Methanohalophilus* species to elucidate genomically conserved traits and underlying mechanisms for oxidative and osmotic adaptation. Their genomic toolboxes encompass versatile metabolic strategies potentially contributing to their osmo-adaptation in polyextreme hypersaline environments. We suggest that niche adaptation of *Methanohalophilus* populations is driven by their different genomic capacities in sulfur and glycogen metabolisms, viral resistance, amino acid and peptide uptake.
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